To ascertain seismic response of retaining wall in the Wenchuan earthquake, large shaking table tests are performed and an acceleration record is acted in 3 directions. In the tests, acceleration time history recorded at Wolong station in the Wenchuan earthquake is used to excite the model wall. Results from the tests show that the location of dynamic resultant earth pressure is 0.35-0.49 H from toe of the wall for road shoulder retaining wall on rock foundation, 0.33-0.42 H for embankment retaining wall on rock foundation, and 0.46-0.77 H for road shoulder retaining wall on soil foundation. Besides, dynamic earth pressure increases with the increase of ground shaking from 0.1 g to 0.9 g and the relationship is nonlinear. The distribution is closed to for PGA less than 0.4 g but larger for PGA larger than and equal to 0.4 g, especially on the soil foundation. After the comparison of measured earth pressures and theoretical results by pseudodynamic method and pseudostatic method, results of the former are consistent with those of the shaking table test, but results of the latter method are smaller than measured.
Introduction
The Wenchuan earthquake seriously damaged retaining structures of highway and railway in the disaster areas, which not only brings direct economic losses, but also delays the process of rescue and relief. To support the postdisaster reconstruction and complement the code for seismic design of retaining structures, Zhang et al. [1] carried out a number of field survey and analyses and mainly focused on the seismic damages of retaining structures. Results from the field survey show that the number of damaged gravity retaining walls is up to 97.1% of all damaged retaining walls. The result stipulates us to carry out seismic performance of gravity walls. Besides, estimation of the seismic earth pressure is an important topic of research for the safe design of retaining wall in the seismic zone. It is a common practice to the seismic accelerations in both horizontal and vertical directions in terms of equivalent static forces, called pseudostatic accelerations. Using the pseudostatic approach, several researchers have developed different methods to determine the seismic earth pressure on a rigid retaining wall due to earthquake loading starting from the pioneering works by Okabe [2] and Mononobe [3] , commonly known as Mononobe-Okabe method [4] based on the pseudostatic approach, which gives the linear earth pressure distribution in a very approximate way irrespective of static and seismic conditions. Kumar [5] had determined the seismic passive earth pressure coefficients for sands using limit equilibrium method. Dewaiker and Halkude [6] have proposed a pseudostatic numerical analysis of seismic active and passive thrust on retaining wall, using Kotter's equation. Kumar and Chitikela obtained the seismic passive earth pressure coefficients using method of characteristics. Madhav and Kameswara Rao [7] , Choudhury et al. [8] , Choudhury [9] , and Subba Rao and Choudhury [10] have adopted limit equilibrium for determining individually the seismic passive earth pressure coefficients corresponding to unit weight, surcharge, and cohesion components. Choudhury and Singh [11] have determined active earth pressure coefficients under static and seismic conditions using modified Culmann method. However, all the above methods are based on pseudostatic method of analysis, which does not consider the time effect of the applied earthquake load and the effect of shear and primary waves passing through the soil media. To overcome these drawbacks, the analytical method based on 2 Advances in Materials Science and Engineering pseudodynamic approach as given by Steedman and Zeng [12] and modified by Choudhury and Nimbalker [13, 14] is used for the present analysis for calculation of seismic passive and active earth pressure.
Steedman and Zeng [12] considered in their analysis a vertical rigid retaining wall supporting a particular value of soil friction angle and a particular value of seismic horizontal acceleration ( ℎ , where is the acceleration due to gravity) only. Again they have considered the effect of horizontal seismic acceleration due to vertically propagating shear waves through the backfill behind retaining wall. In an improvement over this method, Choudhury and Nimbalkar [14] have incorporated effect of vertical seismic acceleration due to vertically propagating primary waves through the backfill soil. Again, they have studied the effect of various parameters such as wall friction angle, soil friction angle, shear wave velocity, primary wave velocity, and both the horizontal and vertical seismic accelerations on the seismic active earth pressure behind a rigid retaining wall by the pseudodynamic method. Choudhury and Nimbalker [13] have extended this modified work for estimation of seismic passive earth pressure.
In the pseudodynamic method, vertically propagating shear and primary waves through the backfill generate vibrations in horizontal and vertical directions, respectively. These horizontal and vertical vibrations correspond to horizontal and vertical time dependent seismic inertia forces, respectively. Time dependent nature of these seismic inertia forces is considered in the present analysis.
After the pseudodynamic method, the dynamic method which is finite element method and the shaking table test are used to the safe design of retaining wall in the seismic zone [15, 16] .
In the procedure of the development of pseudostatic method, pseudodynamic method, and dynamic method, achievements have been obtained, but some problems have not been understood, such as the location of resultant earth pressure and relationships between earth pressure and ground shaking intensity. As a result, large shaking table tests are performed in order to effectively help us improve the understanding of characteristics of retaining structures in highway and railway engineering. The reason for performing the large shaking table tests is that the tests are the most direct research approach [17, 18] . Table Tests 2.1. Shaking Table Test . The tests were performed on a large shaking table with an advanced CNC system, data acquisition, and analysis system in the Nuclear Power Research and Design Institute of China. The shaking table, 6 m by 6 m, has 6 degrees of freedom; the maximum weight is 60 ton, the maximum horizontal displacement is ±150 mm, and the maximal vertical displacement is ±100 mm. The full-loaded horizontal and vertical maximum acceleration is 1.0 g and 0.8 g and the horizontal and vertical maximum acceleration for no loading is 3.0 g and 2.6 g with frequency ranges from 0.1 Hz to 80 Hz. And in the shaking table tests, a 128 channel BBM data acquisition system with a maximum referenced error ≤ 0.5%, is used to perform data acquisition, monitoring signal and analysis online synchronously, as shown in Figure 1 .
Shaking

Retaining Wall Model.
In the shaking table tests, three different gravity retaining wall models are constructed in the tests: road shoulder retaining wall on rock foundation, road shoulder retaining wall on soil foundation, and embankment retaining wall on rock foundation.
The internal size of model boxes is 3.7 m × 1.5 m × 2.1 m and the model box is made of steel frame with steel plate on the bottom. In order to observe movement of the retaining wall and backfill, lateral walls of the steel frame are made of organic glass, and a type of absorbing material is set up on the lateral walls perpendicular to horizontal movement direction for reducing the reflection of seismic wave on the boundary. The height of the model wall is 1.6 m with a similitude ratio of 6 for modeling a wall with 9.6 m high and the backfill used in the test is granite sand, as shown in Figure 2 . The similitude ratios for density and acceleration are 1, respectively, and similitude relationships of other parameters can be deduced based on Buckingham theorem [19, 20] . The test model panorama is shown in Figure 3 .
Data acquisition includes displacements, accelerations, and total and dynamic earth pressures. The sensor location arrangements are presented in Figure 4 , and the sensor installation diagrams of earth pressures and displacements are shown in Figure 2 and Figure 5 , respectively. 
Loading Cases.
Horizontal and vertical accelerations recorded at Wolong station in the Wenchuan earthquake are used to excite the model wall, which are scaled in the duration according to the similitude ratio used, as shown in Figure 6 . Then the scaled seismic accelerations are scaled again on required amplitudes. The scaled seismic accelerations on duration and amplitude are used as input motions to excite the platform from the horizontal and vertical directions. The loading sequence in the test is white noise, PGA 0.1 g, PGA 0.2 g, PGA 0.4 g, PGA 0.7 g, and PGA 0.9 g.
Experimental Result Analyses
Earth Pressure Distribution on Backwall.
The measured distributions of total and dynamic earth pressures, as shown in Figures 7 and 8 , present that the distributions are nonlinear along the wall height and the amplitude of the earth pressures are proportional to the excited seismic peak accelerations [21, 22] . The dynamic earth pressures are comparatively small for PGA less than 0.4 g but increase obviously for PGA larger than and equal to 0.4 g. Besides, the rate of earth pressure intensity change is related to geometric position, comparatively smaller above 2/3 H from toe of the wall but larger below.
Resultant Earth Pressures on Backwall.
Resultant dynamic and total earth pressures are proportional to the excited seismic peak acceleration and increase more obviously with the increase of excited seismic peak accelerations [23] , as shown in Figures 9 and 10 . The foundation condition of retaining wall is an important influence factor to resultant total and dynamic earth pressure. Compared with retaining walls constructed on rock foundation, the dynamic and total earth pressures of retaining walls on soil foundation are larger. The influence of foundation condition is not obvious when the excited seismic coefficient is low, and the difference of total earth pressure is less than 15% for PGA less than or equal to 0.3 g but respectively, 20.56%, 52.84%, and 75.02% for PGA equal to 0.4 g, 0.7 g, and 0.9 g. It is clear that the impact of foundation condition becomes greater with the increase of excited seismic peak accelerations. As a result, the influence of foundation on a seismic performance of retaining wall should be considered according to the regions where the retaining wall locates. Comparing to the regions of seismic intensities below 8 degrees if a retaining wall locates, the influence of foundation in the regions with seismic intensities above 8 degrees should be carefully concerned [24] . In addition, the values of total and dynamic earth pressures are relevant to backfill form. The total and dynamic earth pressures of an embankment retaining wall are larger than those of shoulder retaining wall. The differences from the forms of backfill reduced with the increase of excited seismic peak acceleration but should not be ignored, as the embankment earth pressures are still larger. Tables 1, 2 , and 3. Obviously, when the seismic coefficient is low, measured locations of resultant total and dynamic earth pressure are above 0.33 H from the toe of wall. With the increase of seismic coefficient, the locations become close to 0.33 H, which is provided by M-O formula [2, 3] . Figure 11 presents the results of the locations of resultant total earth pressures (h/H) with excited seismic coefficients of three different test models, and Figure 12 presents the results of the locations of resultant dynamic earth pressures (h/H) with excited seismic coefficients of three different test models. From Figures 11 and 12 , we can see that, for a road shoulder retaining wall, the locations of resultant total earth pressure are lower than those of resultant dynamic earth pressure, and the difference gradually reduces with the increase of seismic coefficient [25] . Table 1 shows that the locations are between 0.33 H and 0.39 H for total earth pressures, while they are between 0.35 H and 0.49 H for dynamic earth pressures. For embankment retaining wall, the locations of resultant total and dynamic earth pressures are lower when compared with those for the road shoulder retaining wall, and when seismic coefficient is lower, the locations of resultant total earth pressure are higher than those of resultant dynamic earth pressure. With the increase of seismic coefficient, the locations of resultant total and dynamic earth pressure become close [26] . Table 2 shows that the locations are between 0.32 H and 0.44 H for total earth pressures, while they are between 0.33 H and 0.42 H for dynamic earth pressures.
Location of Resultant Earth Pressure on Backwall. The measured locations of resultant earth pressures (h/H) are summarized in
Advances in Materials
The foundation conditions of retaining wall have a strong impact on the locations of resultant earth pressure. Normally, the softer the foundation is, the higher the locations are. For the shoulder retaining wall constructed on soil foundation, the resultant locations are between 0.4 H and 0.63 H for total earth pressures, while they are between 0.46 H and 0.77 H for dynamic earth pressures, as shown in Table 3 . 
Comparison of Measured Earth Pressures and Theoretical
Results by Codes. The diagrams of comparison between measured earth pressures and theoretical results by codes on rock and soil foundation, respectively, are shown in Figures 13  and 14 . Figures 13 and 14 show that, for rock foundation, the results by Chinese code are close to the measured earth pressures in the regions of seismic intensities below 8 degrees and smaller in the regions of seismic intensities above 8 degrees, while the results from European, Japanese, and New Zealand codes are conservative, contrast to Chinese code.
For soil foundation, the theoretical method by Chinese code for design of aseismic retaining wall is reasonable in the regions of seismic intensities below 8 degrees but is dangerous in the regions of seismic intensities above 8 degrees, as the theoretical results are obviously smaller than measured. Nevertheless, the other theoretical results by the European, Japanese, and New Zealand codes are slightly larger than the measured, and the difference between the codes is slight with seismic acceleration. In contrast to the Chinese code, these foreign codes are comparatively reasonable, and the results from the New Zealand code are closest to the measured ones.
Results by Pseudostatic Method (Mononobe-Okabe Method) and Pseudodynamic Method [27] . In order to make a comparison of measured earth pressures and theoretical results by pseudostatic method and pseudodynamic method, this paper uses the same material parameters, earthquake wave, and the analysis model with the shaking 
Conclusions
(1) The distribution of total and dynamic earth pressure is nonlinear along the backwall. The dynamic earth pressures increase obviously for PGA larger than and equal to 0.4 g. Besides, the earth pressure intensity change speeds are related to geometric position, comparatively smaller above 2/3 H from toe of the wall but larger below. Advances in Materials Science and Engineering 7 (2) Resultant dynamic and total earth pressures grow more obviously along with the increase of seismic accelerations.
Comparing to rock foundation retaining wall, the dynamic and total earth pressures of soil foundation are larger. The foundation influence to design of aseismic retaining wall should be considered according to the regions and in the regions of seismic intensities above 8 degrees it should be carefully concerned.
The values of total and dynamic earth pressures are relevant to backfill form. The earth pressures of retaining wall on embankment are larger than on road shoulder. The influence from the form of backfill becomes less obvious along with seismic acceleration increasing but should not be ignored, as the numerical values are totally greater.
(3) When the seismic coefficient is low, measured locations of resultant total and dynamic earth pressure are above 0.33 H from the toe of wall, which is provided by M-O formula. With the rising of seismic coefficient, the locations become close to 0.33 H.
For retaining wall on road shoulder, the locations of resultant total earth pressure are lower than those of resultant dynamic earth pressure, and the gaps become closer with seismic coefficient rising. For retaining wall on embankment, the locations of resultant total and dynamic earth pressure are lower comparing to the retaining wall on road shoulder, and when the seismic coefficient is low, the locations of resultant total earth pressure are higher than those of resultant dynamic earth pressure. With the rising of seismic coefficient, the locations of resultant total and dynamic earth pressure become close.
The foundation condition has a strong impact on the locations of resultant earth pressure. At the same time, the softer, the locations higher.
(4) For rock foundation, the theoretical method for design of aseismic retaining wall provided by Chinese code is reasonable in the regions of seismic intensities below 8 degrees and smaller in the regions of seismic intensities above 8 degrees, while the results from those compared codes are too conservative.
For soil foundation, the method by Chinese code is reasonable in the regions of seismic intensities below 8 degrees but is dangerous in the regions of seismic intensities above 8 degrees. In contrast to the Chinese code, these foreign codes are comparatively reasonable, and the results from the New Zealand code are closest to the measured ones.
(5) The results of pseudodynamic are consistent with those of the shaking table test, but the results of pseudostatic method are smaller than measured.
